BACKGROUND: Through their action on the locus coeruleus, ␣ 2 -adrenoceptor agonists induce rapidly reversible sedation while partially preserving cognitive brain functions. Our goal in this observational study was to map brain regions whose activity is modified by clonidine infusion so as to better understand its loci of action, especially in relation to sedation. METHODS: Six ASA I-II right-handed volunteers were recruited. Electroencephalogram (EEG) was monitored continuously. After a baseline H 2 15 O activation scan, clonidine infusion was started at a rate ranging from 6 to 10 g ⅐ kg Ϫ1 ⅐ h Ϫ1 . A sequence of 11 similar scans was then performed at 8 min intervals. Plasma clonidine concentration was measured. Using statistical parametric mapping, we sought linear correlations between normalized regional cerebral blood flow (rCBF), an indicator of regional brain activity, and plasma clonidine concentration or spindle EEG activity. RESULTS: Clonidine induced clinical sedation and EEG patterns (spindles) comparable to early stage nonrapid eye movement sleep. A significant negative linear correlation between clonidine concentration and rCBF or spindle activity was observed in the thalamus, prefrontal, orbital and parietal association cortex, posterior cingulate cortex, and precuneus. CONCLUSIONS: The EEG patterns and decreases in rCBF of specific brain regions observed during clonidine-induced sedation are similar to those of early stage nonrapid eye movement sleep. Patterns of deactivated brain regions are also comparable to those observed during general anesthesia or vegetative state, reinforcing the hypothesis that alterations in the activity of a common network occur during these modified conscious states.
General anesthesia produces pharmacologically induced graded states of coma with loss of mental content, reduced pain, and immobility. These effects are obtained together with a decrease in the level of vigilance, which, typically, is not quickly reversible. In this respect, ␣ 2 -adrenoceptor agonists such as dexmedetomidine or clonidine have been shown to induce a clinical state of sedation, which can be quickly reversed by simple physical or verbal stimulation 3 without any change in the plasma concentration of the drug. The tranquility and arousability achieved with ␣ 2 -adrenoceptor agonists render their use particularly convenient in clinical situations requiring sedated, comfortable, and cooperative patients. 4 -6 The reversibility of the ␣ 2 -adrenoceptor agonist-induced sedation suggests that several basic cognitive brain functions are preserved 7 and is reminiscent of the loss of consciousness consistent with normal sleep.
At sleep onset, the activating input from brainstem structures, including from the noradrenergic locus coeruleus, to the thalamus progressively decreases. Consequently, disabled thalamic neurons begin to fire in bursts within the spindle frequency range and entrain thalamocortical neurons in spindle oscillations. Spindles are a characteristic feature of early sleep state and are easily recognized on scalp electroencephalogram (EEG) recordings in humans, as waxing and waning oscillations of 12-15 Hz frequency lasting for at least a half second. As sleep deepens, slower oscillations are generated in thalamocortical circuits, which appear as slow waves on surface EEG recordings. 2 Another consequence of the decrease in activating input from brainstem structures at sleep onset is a ␥-amino-butyric acid (GABA)-mediated inhibition of all the ascending monoaminergic, cholinergic, and orexinergic arousal nuclei that project onto the cortex, therefore decreasing cortical activity 8 and contributing to the alteration of consciousness.
Functional brain imaging studies have identified the changes in regional brain activity during the above-mentioned altered conscious states, namely sleep 9 and general anesthesia, 10 -12 as well as during vegetative state. 13 Although of different origin, they share common characteristics in that respect. This leads to the hypothesis of an unconsciousness-related alteration in the activity of a common network. Alkire et al. have hypothesized that a hyperpolarization block of thalamocortical communication would, as in sleepinduced unconsciousness, be the essential common neurophysiologic mechanism underlying anestheticinduced unconsciousness.
14 This hypothesis would explain how the highly variable biochemical effects of anesthetics would ultimately converge on a final common pathway.
The clinical characteristics of the sedation induced by ␣ 2 -adrenoceptor agonists are very close to those of physiological nonrapid eye movement sleep. In consideration of their ability to elicit spindling in rodents 15 and humans, 16 and their specific mechanism of action, namely an inhibiting effect on locus coeruleus projections, 17 we designed the present study to precisely map the dose-dependent relative regional cerebral activity changes associated with clonidine infusion, while clinically and electrophysiologically characterizing the induced sedation.
METHODS
After IRB approval and informed consent, six healthy and drug-free right-handed volunteers (female/male: 5/1, age: 19 -24 yr, weight: 52-70 kg, height: 168 -173 cm) were recruited.
Equipment and Monitoring
On arrival in the Positron Emission Tomograph (PET)-scan ward, all volunteers were equipped with standard electrocardiogram, peripheral saturation in oxygen (Spo 2 ), and noninvasive arterial blood pressure (NIBP) monitoring (Datex-Ohmeda™ monitor, Helsinki, Finland). Electrodes were applied to allow referential recording of C3-A2 and C4-A1 EEG activity, according to the 10 -20 international nomenclature. Bispectral Index ® (BIS) electrodes (BIS-Sensor ® , A2000 BIS ® monitor, version 3.4, Aspect Medical Systems, Inc.) and A-Line ® autoregressive index (AAI) electrodes (A-Line AEP electrodes, A-Line ® monitor, Danmeter A/S, version 1.5) were then properly placed on the left side of the forehead, and earphones securely fixed on the subject's ears using plastic tape (OpSite™ Flexifix™, Smith & Nephew, Brussels, Belgium). The AAI is an index ranging between 0 and 100. It is derived from middle latency auditory-evoked potentials and has been validated as a measure of the level of sedation. 18 Volunteers received the auditory stimulation of the A-Line ® device (bilateral click stimulus of 70-dB intensity and 2 ms duration) continuously from that moment to the end of the study. Two 18-gauge IV catheters were inserted into a vein of the left and right elbow. The left catheter received continuous saline infusion, labeled water (H 2 15 O), and clonidine infusion. The right one was for blood sampling. Each volunteer was comfortably placed on the PET-scan tray and the head was stabilized by a thermoplastic facemask secured to the head holder (Truscan Imaging, Annapolis, MA). Subjects were breathing through a plastic facemask delivering oxygen at a rate of 10 L ⅐ /min Ϫ1 .
Data Acquisition
The sequence of data acquisition was the same for each volunteer. Throughout the procedure, BIS, AAI, NIBP, heart rate (HR), and Spo 2 were continuously recorded using a laptop computer connected to the concerned monitors and using the RugloopII © monitor-only software (Demed, Temse, Belgium). Sampling rate of RugloopII © software was 1 Hz for AAI and BIS, and 0.2 Hz for HR, NIBP, and Spo 2 . EEG was also continuously recorded on a separate computer, at a sampling rate of 500 Hz, using the Neuroscan™ software (Version 3.0, Compumedics, Hamburg, Germany). Direct visual observation was maintained at all times. All subsequent events took place in a quiet, low-light environment, and subjects were asked to keep their eyes closed at all times.
A transmission scan was first performed to measure attenuation and to allow subsequent corrections. After the end of the transmission scan, a sequence of 12 emission scans (activation scans) was acquired, at 8-min intervals each, in 3-dimensional mode and using a CTI 951 16/32 scanner (Siemens, Erlangen, Germany). Each scan consisted of two frames: a 30-s background frame and a 90-s frame. A slow IV H 2
15
O infusion was started immediately before the second frame to observe the head curve rising within the first 10 s of this frame. Six to eight millicuries (222-296 MBq) were injected for each scan, in 10 mL saline, over a period of 20 s. The infusion was totally automated to alleviate disturbance of the volunteer during the scanning period. Data were reconstructed using a Hanning filter (cutoff frequency: 0.5 cycle per pixel) and corrected for attenuation and background activity. The images were normalized for differences in global cerebral blood flow (CBF) by means of ratio normalization: i.e., the count at each voxel was divided by the mean counts calculated across all brain voxels. A high resolution (voxel size: 0.96 ϫ 0.96 ϫ 1.35 mm) T1-weighted structural magnetic resonance imaging scan was obtained for each subject on a 3 T imager (Allegra, Siemens) a few days after the PET session.
The first activation scan was performed in the absence of clonidine. The infusion of clonidine was started immediately after the first activation scan in each subject at a constant rate varying between 6 and 10 g ⅐ kg Ϫ1 ⅐ h
Ϫ1
. The rate was chosen prior to the session according to a randomization list. The infusion of clonidine was then stopped randomly during the remaining 11 scan sequence, again according to the randomization list. These randomizations were instituted to reduce the risk of an order effect. The infusion regimen for each volunteer is detailed in Table 1 . Response to verbal command was evaluated 1 min before each scan: the subjects were asked to squeeze the hand of the observer. The awareness testing was short: subjects were asked to squeeze the hand only once, using a loud clear voice. If no response was obtained, no supplementary test of awareness was performed until the following scan. A 10-mL blood sample was drawn immediately after each scan, centrifuged, and frozen at Ϫ20°C to allow post hoc plasma clonidine concentration measurements.
Clonidine Plasma Concentration Measurement
Plasma clonidine concentrations were measured using the high performance liquid chromatography (HPCL) liquid chromatography (LC) tandem mass spectrometry (MS/MS) technique described by Pelzer et al. 19 Clonidine hydrochloride and human blank serum were from Sigma-Aldrich, clonidine-d 4 hydrochloride was obtained from Euriso-Top (France), and all other chemicals were from Merck. The approach consisted of clonidine and internal standard clonidine-d 4 extractions from alkalized serum with ethyl ether followed by evaporation-reconstitution process. Clonidine was quantified with high performance liquid chromatography using an MS/MS detector through monitoring of m/z 230 Β 213 transitions for clonidine and of m/z 236 Β 219 transitions for internal standard clonidine-d 4 . A detailed description of this method is provided in the Appendix.
Data Analysis and Statistics
For all statistical analyses, a two-tailed P Յ 0.05 was considered significant, unless otherwise indicated. Normality of distribution was checked when required.
BIS, AAI, and EEG Analysis
BIS and AAI recorded values were averaged over the 2-min scanning period, leading to 12 mean values for each subject. A least square linear regression was calculated between plasma clonidine concentration and BIS or AAI values.
Scalp EEG recordings were first analyzed visually by a certified electrophysiologist to detect specific sleep patterns. In addition, data were submitted to a time-frequency analysis using a wavelet transformation of the signal based on the method described by Tallon-Baudry et al. 20 This method provides a better compromise between time and frequency resolutions than conventional Fourier transforms and is suited to detect the occurrence of spindles (waxing and waning oscillations of 12-15 Hz frequency and at least half a second duration). The signal recorded in C3-A2 was convoluted with complex Morlet's wavelets. 21 A wavelet family was defined for frequencies ranging from 7 to 15 Hz in 0.5 Hz steps, based on a fixed number of oscillations (N oscillations ϭ 32). At 7 Hz, this lead to a wavelet duration of 2286 ms and at 15 Hz, to a duration of 1067 ms. Therefore, the time resolution increased with frequency. The time-varying energy of the signal in a given frequency band was computed as the norm of the wavelet coefficients. For each frequency band of 0.5 Hz, the energy at any time point was divided by the variance of the energy computed before clonidine infusion, thereby providing a Z score for each time-frequency point. A time-frequency map was then constructed (Fig. 3) , showing the evolution of the complex and fluctuating EEG activity over time. This map displays the Z scores of each frequency band as a function of time in the form of a color scale. The time-frequency map was thresholded to 3.09, corresponding to a significant change in energy, when compared with baseline levels, at P Ͻ 0.001.
PET Data Analysis
The analysis of PET data was performed using the Statistical Parametric Mapping software (Version 2, SPM2; Wellcome Department of Cognitive Neurology, Institute of Neurology, London, United Kingdom), 22 implemented in Matlab © software (version 7.0.1., Mathworks Inc., Natick, USA). A simplified description of the method can be found in the review paper by Maquet. 9 Data from each subject were first realigned using a least-squares approach and the first scan as a reference to correct for head movements of the subject during the experimental session. PET data were then coregistered to individual T1-weighted magnetic resonance imaging scans. After realignment, all images were transformed into a standard space (according to the atlas of Talairach and Tournoux 23 ), to correct for intersubject differences in size and shape of the brain. All these spatial transformations allowed fitting all images into the same standardized space and were necessary for the voxel-based statistical analysis and the precise anatomical identification of the concerned brain regions (a particular voxel represents the same brain area in all scans of the same subject and in the different experimental subjects). Finally, the images were smoothed using a 16-mm full width at half-maximum isotropic Gaussian kernel to increase the signal-to-noise ratio. Statistical analysis of regional CBF (rCBF) was performed using normalized rCBF of the six subjects, scanned 12 times each. Assessing the significance of the relationship between the measured plasma concentration of clonidine and the normalized rCBF (i.e., their linear regression) was performed by means of an analysis of covariance. The main effect was the subject's effect, and plasma concentration of clonidine was the covariate. The data set consisted of 72 rCBF volumes (12 volumes ϫ 6 subjects). The parameter of interest was the slope of the relationship between the plasma concentration of clonidine and normalized rCBF. The subject's effect was first removed and a regression t-statistic map was calculated thereafter. An estimate of the slope and its standard deviation (sd) were obtained by least-squares fitting of the model (analysis of covariance) at each voxel. Seventytwo values of covariate were used, corresponding to the 72 volumes in the dataset. The degrees of freedom of the sd were increased from 59 (72-12-1) by pooling the sd across all voxels, so that the distribution of the t-statistic map was normal. The resulting t-statistic map tested whether, at a given voxel, the slope of the regression was significantly different from zero. Two types of map were therefore constructed: the first one indicating brain regions where there was a negative correlation between normalized rCBF and clonidine concentration, and the other indicating brain regions with a positive correlation. A significant negative correlation indicates a decrease in relative regional brain activity as a function of clonidine concentration, and a positive one, an increase. The regression t-maps were transformed to the unit normal distribution (Z distribution). The presence of a significant peak was tested by a method based on the three-dimensional Gaussian random-field theory, which corrects for the multiple comparisons involved in searching across a volume. Results were thresholded for significance at false-discovery rate corrected P Ͻ 0.01. 24 In a subsequent independent analysis, a similar method was applied to identify negative and positive linear correlations with spindle band power (12-15 Hz) and ␦ power (1-4 Hz) calculated for each PET scan. Here, results were interpreted at uncorrected P Ͻ 0.05 based on the previously identified brain regions that showed significant linear correlations with clonidine concentration.
RESULTS

Plasma Concentration of Clonidine
The measured plasma concentrations of clonidine are presented in Figure 1 . For technical reasons, one measure was not available in three volunteers, leading to three missing values. Those values were replaced by the mean between the preceding and following measure in each individual subject and served for subsequent data analysis. Measured concentrations ranged between 0 and 2.64 ng ⅐ mL 
Vital Signs
Hemodynamic variables as a function of plasma clonidine concentrations are presented in Figure 2 . 
Response to Verbal Command, EEG, BIS, and AAI
The total time spent by our volunteers in the PET-scanner from the transmission scan to the end of the 12th activation scan was [mean (sd)] 147 min. 9 Throughout the study, volunteers remained easily arousable, as all of them responded adequately to the command of the observer (squeeze the hand) with few exceptions: Subject 2 did not respond to the command at scan 10, subject 5 at scan 6, and subject 6 at scan 5 and 8. Those subjects did respond adequately at all other scans. Corresponding plasma concentrations of clonidine at the time of no response were 1.91, 1.02, 2.01, and 1.36 ng/mL, respectively. None of the volunteers reported any dreams or hallucinations once having completed the study.
Visual analysis of the EEG clearly identified recurrent spindles in 5 of the 6 volunteers during clonidine infusion. Time-frequency domain analysis typically revealed that the energy in the lower frequency range (7) (8) as well as in the spindle frequency range (12-15 Hz) increased after the infusion of clonidine started. The increase in spindle activity was observed in all subjects, although only moderately in two subjects (subject 2 and 3, Fig. 3) .
The relationship between plasma concentration of clonidine and BIS or AAI is shown in Figure 4 . There was a significant negative linear correlation between clonidine concentration and BIS value (slope ϭ Ϫ8. 45 
Relationship Between rCBF and Plasma Clonidine Concentration
There was a significant negative linear correlation between plasma clonidine concentration and rCBF in several brain regions including prefrontal, orbital and parietal association cortex, posterior cingulate, precuneus and thalamus/brain stem, as displayed in Figure  5A . A significant positive linear correlation was found in the upper part of the temporal lobe and the fusiform gyrus, bilaterally (Fig. 5C) . A detailed description of peaks can be found in Table 2 .
Relationship Between rCBF and EEG Power
A negative linear correlation was observed between the EEG power spectrum in the spindle frequency band and rCBF in all of the identified areas showing negative correlations with plasma clonidine concentration (i.e., prefrontal, orbital and parietal association cortex, posterior cingulate, precuneus and thalamus/ brain stem, as displayed in Fig. 5B ). No significant positive linear correlations with EEG spindle power were identified. No significant negative or positive correlations were identified with slow EEG changes (i.e., ␦ power).
DISCUSSION
In the present study, we demonstrate that the decrease in mental content and level of vigilance induced by clonidine, as well as the clonidine-induced Those maps are thresholded to 3.09, corresponding to a significant change in energy, when compared with baseline levels, at P Ͻ 0.001. Red arrows correspond to the start of clonidine infusion and the blue arrows correspond to the time at which clonidine infusion was stopped. Blue lines indicate the scanning periods. Note the significant increase of energy in lower frequency bands (7-8 Hz) as well as in the spindle frequency range (12-15 Hz) after the infusion of clonidine was started. The increase in spindle activity can be observed in all subjects, although only moderately in subjects 2 and 3. Yellow rectangles are superimposed to highlight the frequency maps obtained when subjects did not respond to verbal command. Note that these periods are characterized by an intense activity in lower and/or higher frequency bands compared with the remaining of the recording. occurrence of spindles in the EEG, are associated with a dose-dependent decrease in the relative activity, as indicated by rCBF, of specific brain regions. Clinical and electrophysiological characteristics of the induced sedation state, as well as the distribution of rCBF changes, are very similar to those of light non-REM sleep. Finally, a highly significant dose-dependent increase in rCBF was noted in temporal regions, which could account for some clinical effects of clonidine.
Characteristics of Clonidine-Induced Sedation
Plasma concentrations of clonidine in the range of 2 ng/mL induced tranquility and arousability in our volunteers, who remained almost continuously responsive tive (A; shown in blue) and positive (C; shown in orange) linear correlation between plasma clonidine concentration and regional cerebral blood flow (rCBF) projected on a spatially normalized magnetic resonance imaging (MRI) and thresholded at false discovery rate corrected P Ͻ 0.01. 23, 24 Section B shows negative correlations with spindle frequency band (12-15 Hz) power (illustrated at uncorrected P Ͻ 0.05). Note that increased spindle activity correlates with decreases in rCBF in similar brain areas where clonidine induced rCBF reduction. (A) Regions displaying a significant negative linear correlation between plasma clonidine concentration and regional cerebral blood flow (rCBF), and (B) regions displaying a significant positive linear correlation between the same variables. x, y, z coordinates refer to standardized MNI (Montreal Neurological Institute) stereotaxic space. FDR-P corresponds to the false discovery rate corrected P value.
to verbal command. This is in accordance with the findings of Hall et al., 7 who described the same moderate but significant sedation at concentrations in the same range which were associated with memory and motor skill impairments. Their volunteers always remained easily arousable and able to perform cognitive testing. We did not test memory impairment, motor skill, or cognition in an attempt to be able to detect changes in cerebral activity from a state as close as possible to a baseline resting state. However, once having completed the study, all volunteers reported that they lost their ability to perceive elapsed time during the study, and that time spent in the scanner had seemed short. Considering the results of Hall et al. and our data, we can reasonably assume that we reached our objective: mild but significant and clinically relevant sedation, arousability, and poor cognitive impairment. It is also noteworthy that the clinical state attained by our volunteers corresponded, with few exceptions, to the definition of a sleep state or, in other words, a lying and resting state, with eyes closed and reduced responses to external stimuli. Using higher doses of clonidine would probably have impaired the level of consciousness to a greater extent and rendered volunteers unresponsive to verbal stimulation more often than we observed.
The clinically relevant level of sedation is further confirmed by the dose-dependent decrease in BIS. The lowest observed values were in the range of 50, which is again in accordance with the results of Hall et al. One could argue that the significant linear correlation between clonidine concentration and BIS was calculated on measurements that were not independent, and that there could be a time series effect. However, a Durbin-Watson statistic performed on those data was 1.53, indicating a minor positive serial correlation, and therefore a minor effect of time series on that correlation. On the contrary, there was no evident relationship between AAI value and clonidine concentrations. Although this may have been due to low power in detecting the effect of clonidine on this auditory evoked potential-derived index, an explanation could be that ␣ 2 -adrenoceptor agonists poorly affect the Pa-Nb components of auditory evoked responses, 25, 26 which are essential elements of AAI calculation. 27 In this respect, BIS seems to be more sensitive to ␣ 2 -adrenoceptor agonist-induced sedation than AAI.
Importantly, clonidine infusion also affected spontaneous EEG activity, as spindles, the hallmark of sleep onset, were observed in most of our volunteers. This is in accordance with the results of Bischoff et al., 16 and could be used to support the hypothesis of Nelson et al. 17 that ␣ 2 -adrenoceptor agonist-induced sedation occurs through the promotion of a sleep-mode pattern in non-REM sleep functional assemblies. However, other drugs, such as propofol 28 or midazolam, 29 can induce EEG spindling, although their mechanism of action is substantially different than that of clonidine.
Clonidine-Related Decreases in Relative rCBF
Many studies of different drugs and mechanisms of unconsciousness, namely sleep, 9 general anesthesia, 10, 12, 30 and the vegetative state, 31, 32 seem to show suppression of a common network. This network is composed of corticothalamocortical neural loops involving the ascending reticulothalamic activating system, frontal and parietal association cortex, the posterior cingulate cortex and the precuneus. We further tested whether this finding will generalize by observing changes of rCBF, an indicator of regional activity, caused by a drug that should have a known mechanism of action and one that should not be like most of the other anesthetics that affect GABA. 8 The present study demonstrates that this network is also involved in the alteration of consciousness induced by ␣ 2 -adrenoceptor agonists. It thus supports the hypothesis of a switch role for the thalamus during anestheticinduced unconsciousness, a hypothesis proposed by Alkire et al. 14 In addition, regions that show decreased activity during the above-mentioned altered states of consciousness are very similar to those involved in the default mode network of the wandering mind hypothesized by Mason et al. 33 Progressively shutting down the thalamic switch could progressively shut down this default mode network before total loss of consciousness. Enhanced GABAergic inhibition would be the final common pathway of reduced cortical activity. 8 This hypothesis remains compatible with that of Nelson et al., 17 which postulates that ␣ 2 -adrenoceptor agonist sedation occurs through the promotion of a functional sleep pattern in endogenous neural networks. These networks would inhibit locus coeruleus neurons, which, in turn, would disinhibit other GABA-releasing subcortical nuclei. Through these effects, ␣ 2 -adrenoceptor agonists would act on specific neural pathways to induce a state that is electrophysiologically and functionally similar to stage I and II non-REM sleep.
Differences in up or down regulation of the activity of thalamic and basal forebrain nuclei could be responsible for differential modulation of cortical activity, explaining the observed differences in the qualitative aspects of the alteration of consciousness during sleep, general anesthesia, vegetative state, and ␣ 2 -adrenoceptor agonistinduced sedation. Each situation would be induced by a cascade of events, with different effects on various circuits but leading to a final common pattern of deactivations. This hypothesis is in accordance with the results of Coull et al., who demonstrated that the alteration in performance of a target detection task during dexmedetomidine administration can be counteracted by presentation of a loud white noise, as opposed to midazolam-induced sedation, and that this effect is associated with an increase in the activity of the left pulvinar nucleus of the thalamus. 34 Beside the study of Coull et al., 34 other studies have investigated the effect of ␣ 2 -agonists on global and/or rCBF. Prielipp et al. have demonstrated that an infusion of dexmedetomidine reduces the absolute CBF globally and in selected cortical regions of interest. 35 However, these authors did not perform any statistical parametric mapping of the dose-response relationship between the amount of dexmedetomidine and relative rCBF, rendering comparisons with our study difficult. Fu et al. have compared the distribution of rCBF between depressed patients and nondepressed controls when administering IV clonidine. 36 In terms of rCBF decreases, they found thalamic, frontal cortex and angular gyrus effects. However, the infused dose of clonidine was much lower than ours and their analysis did not evaluate concentration-effect correlations.
Clonidine-Related Increases in Relative rCBF
In addition to rCBF decreases in specific brain regions, clonidine infusion induced relative increases in the rCBF elsewhere: the upper part of the temporal cortex and the fusiform gyrus, bilaterally. The relative increase in bilateral superior temporal cortex rCBF, also observed by Fu et al., 36 was strong and topographically large. Interpretation of this increase must consider that all volunteers were continuously receiving auditory stimulation to allow measuring of AAI. However, the concerned region was much larger than the one thought to be involved in the processing of continuous neutral noise. 37 During propofol sedation, when compared with baseline, a larger region of statistical significance in the temporal lobe in response to auditory stimulation has already been observed by other authors. 38, 39 This is possibly related to a more uniform response to stimulation, or to a change in background CBF. Therefore, the activation in the temporal lobe may simply be an artifact of the auditory stimulation applied to our volunteers.
It must also be mentioned that clonidine induces hallucinations, 40 -42 and that temporal cortex is involved in inner speech generation. 43 Temporal activation by clonidine could therefore be related to the ability of this medication to favor auditory hallucinations, although none of the recruited volunteers reported having experienced such a phenomenon. Fusiform gyrus is involved in several cognitive functions: face recognition, 44, 45 phonological decoding and processing of words, 46, 47 spelling and rhyming judgments on visually presented words, 48 and semantic processing. 49, 50 The increase in rCBF in that region during clonidine infusion and continuous neutral sound is not easy to interpret but could be related to facilitation by clonidine of the activity of high-order sensory processing brain regions, similarly to facilitation of upper temporal lobe activity.
Potential Limitations of the Results of the Study
The potential limitations of the present study include possible deregulation of cerebral hemodynamics by clonidine, verbal stimulation immediately before each scan, occurrence of natural sleep, and/or an order effect.
We did not measure absolute CBF during the study. This would have required the insertion of an arterial line in our volunteers. Clonidine had few systemic hemodynamic effects, mostly a moderate dosedependent decrease in HR, and probably did not considerably influence cardiac output. It decreased global absolute CBF, as already demonstrated for ␣ 2 -adrenoceptor agonists, through a direct vasoconstrictive effect on cerebral vasculature, a decrease in global cerebral metabolism, or both. 35 Clonidine also mildly attenuates cerebral CO 2 reactivity, but does not alter CBF autoregulation. 51 We did not measure arterial CO 2 partial pressure, which might have increased as a result of sedation. Therefore, we cannot exclude that the effects of clonidine on rCBF are the result of cerebral hemodynamic changes unrelated to regional synaptic activity. In our opinion, this is unlikely. Indeed, the cerebral hemodynamic changes we just mentioned were described on a global scale. To our knowledge, there are no data on regional differences in CO 2 reactivity, distribution of ␣-adrenergic receptors on brain vessels, or CBF regulation in response to a change in MAP.
We tested the arousability of our volunteers immediately before each scan. This might have influenced cerebral activity in a way that might have masked some effects of clonidine. However, the stimulation was very short, and volunteers recovered their preceding level of sedation rapidly, as attested by the negative correlation between plasma concentration of clonidine and BIS values measured during the scans.
We cannot exclude that our volunteers experienced naturally occurring sleep during the study, independently from clonidine infusion. However, the clinical state was clearly different before when compared with during the infusion of clonidine, although volunteers experienced prolonged quiet periods during the initial part of the study (i.e., during the transmission scan in the absence of clonidine). Furthermore, the correlations we describe here are those observed between rCBF and plasma clonidine concentration. Should natural sleep have occurred, it would have been very difficult to distinguish between one phenomenon and the other, either clinically or electrophysiologically.
Finally, randomization was constrained by the fact that clonidine has a very long elimination half-life, approaching 8 h. 52 We were therefore unable to alternate the presence of clonidine with clonidine-free conditions, due to unaffordable study length for the volunteers. Consequently, we cannot exclude the occurrence of an order effect. We have partially circumvented this problem by randomizing clonidine infusion duration and rate between subjects.
CONCLUSION
We conclude that the clonidine-induced altered state of vigilance with partially preserved cognitive functions is associated with specific changes in regional Calibration standards were prepared from stockspiking solutions of clonidine in methanol at concentrations of 10, 40, 170, 630, 840, and 2000 pg/mL through the following procedure. To a glass tube (16 ϫ 125 mm) were added blank serum (1.0 mL), the desired clonidine amount in methanol (total volume of methanol was 100 L for each concentration), internal standard clonidine-d 4 (50 L of a 10 ng/mL solution in methanol), and ammonium hydroxide (50 L, 1 N). The tube was vortex-mixed for 30 s. Ethyl ether (4 mL) was then added and the mixture was vortex-mixed for 3 min. The two layers were separated with centrifugation (2500g, 4°C, 5 min) and the aqueous (bottom) layer was rapidly frozen in a dry ice/methanol bath. The organic layer was transferred into a clean glass tube and evaporated to dryness with a stream of nitrogen. The samples were reconstituted with 0.1% formic acid in acetonitrile (200 L) and vortex-mixing for 2 min. Serum (1.0 mL), methanol (100 L), internal standard clonidine-d 4 (50 L of a 10 ng/mL solution in methanol), and ammonium hydroxide (50 L, 1 N) (unknowns) were treated as described for standards. XCalibur 1.1 was used for data acquisition and processing and Microsoft Excel was used for data analysis. A weighted "square root" linear regression was used to generate calibration curves from standards and processing of unknowns.
